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Abstract 

We consider the possibility of "Higgs counterfeits" - scalars that can be produced with cross 
sections comparable to the SM Higgs, and which decay with identical relative observable branch- 
ing ratios, but which are nonetheless not responsible for electroweak symmetry breaking. We also 
consider a related scenario involving "Higgs friends," fields similarly produced through gg fusion 
processes, which would be discovered through diboson channels WW, ZZ, 77, or even jZ, poten- 
tially with larger cross sections times branching ratios than for the Higgs. The discovery of either 
a Higgs friend or a Higgs counterfeit, rather than directly pointing towards the origin of the weak 
scale, would indicate the presence of new colored fields necessary for the sizable production cross 
section (and possibly new colorless but electroweakly charged states as well, in the case of the 
diboson decays of a Higgs friend). These particles could easily be confused for an ordinary Higgs, 
perhaps with an additional generation to explain the different cross section, and we emphasize 
the importance of vector boson fusion as a channel to distinguish a Higgs counterfeit from a true 
Higgs. Such fields would naturally be expected in scenarios with "effective Z's," where heavy states 
charged under the SM produce effective charges for SM fields under a new gauge force. We discuss 
the prospects for discovery of Higgs counterfeits, Higgs friends, and associated charged fields at 
the LHC. 



I. INTRODUCTION 



The origin of electroweak symmetry breaking (EWSB) has remained a mystery since the 
Standard Model (SM) was first written down. The appeal of a fundamental scalar Higgs lies 
in its simplicity, but brings with it the baggage of the radiative stability of the weak scale. 
At the same time, a strongly coupled mechanism for EWSB seems at odds with precision 
data, which point towards a light ( < 200 GeV) Higgs, at which scale it is hard to imagine 
strong dynamics appearing without significantly affecting any number of observables. 

The search for the Higgs, then, is not just an attempt to complete the SM, but rather 
a quest to understand the origin of the weak scale. Supersymmetry, strong dynamics, 
extra dimensions - in each case Higgs discovery (or non-discovery) would have important 
implications for the viability of the framework and would be a key predictor of what should 
come next. In light of this, it is essential not only to discover the Higgs, but to be certain 
that what we have discovered is, indeed, the field responsible for EWSB. 

Imagine that a new resonance is discovered in one of the conventional channels - such 
as bb, W + W~ or 77. Even if the rate differs significantly from what is expected for the 
SM Higgs the resonance would potentially be hailed as the Higgs, perhaps with an added 
generation to explain the different cross section. But how can we be certain that this is, in 
fact, the field that generates the W and Z masses? Suppose we find the same state in a 
second channel, with the appropriate relative branching ratio to be the Higgs - then can we 
be sure that we've found the Higgs? 

One might think that it would be difficult to imagine a scenario in which these signals 
are due to a scalar that has little to do with EWSB, a Higgs counterfeit. However, as we 
shall explore, the ingredients are are quite simple: an SM-singlet scalar, coupling to massive 
colored states, and a small mixing with the true Higgs via the Higgs portal. The ingredients 
are so simple, in fact, that this setup might arise in a variety of models. 

More general than a Higgs counterfeit would be a "Higgs friend," a field produced through 
conventional gluon fusion processes, but with branching ratios that can be very different than 
for a Higgs. These states might have negligible mixing with the Higgs, and therefore could 
lack sizable tree-level couplings to SM fields. In that case they would dominantly decay 
through loops of the fields that produced them (into gg states), or through loops of related, 
electroweakly charged states, into WW, ZZ, 77 and 7Z final states. A Higgs friend could 
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pop up quickly in SM Higgs search channels, but should be distinguished from a SM Higgs 
by the dramatic differences in signals in other expected channels. 

The layout of this paper is as follows: in section [TTJ we will explore the models that 
naturally give rise to such a Higgs counterfeit. In this scenario a small amount of Higgs 
mixing gives rise to decay modes with observable branching ratios completely identical to 
those of the SM Higgs. In the Higgs counterfeit scenario there are tensions, however, in 
generating a suitably large cross section (from loops of colored states), with having a large 
BR into observable final states. Building off these ideas, we then proceed to describe "Higgs 



friends" in section HI, particles produced through gg fusion, but with branching ratios very 
different from the SM Higgs. With decay modes largely dominated by diboson channels, 
these friends might be found easily in ordinary Higgs search channels, but rather than 
pointing to the origin of EWSB, their discovery would point to new colored and electroweakly 



charged states. In section IV we discuss how Higgs friends naturally arise in effective Z' 
models, as have recently been discussed in the context of a variety of anomalies that have 
arisen at the Tevatron. In section W\ we consider the bounds on, and prospects for, the 



discovery of the new states - especially the colored ones - at the LHC Finally, in section VI 
we conclude. 

Related work on the phenomenology of scalars which may be confused with the SM Higgs 
boson can be found in Refs. [IH7]. 



II. A HIGGS COUNTERFEIT 

To understand the role that Higgs counterfeits could play in upcoming searches, we 
essentially need to answer two questions: over general parameter ranges, what is the size of 
the signal that could be produced at the LHC, and how does this compare to that of the 
SM Higgs? 

Consider a real scalar field S, a singlet under the Standard Model (SM) gauge group. 
This field can couple to the SM Higgs doublet H via the Lagrangian terms (fiS + S 2 )H^ H , 
leading to mixing between S and the neutral component of H once electroweak symmetry 
is broken. The mass-eigenstate scalars, which we call and h, are then linear combinations 
of h, which has the same couplings to matter and gauge fields as a SM Higgs, and a sterile 
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state s, 

= cos 9 s — sin 9 h (1) 
h = cos 9 h + sin 9 s. (2) 

For small mixing < 1) has highly suppressed couplings to ordinary matter and gauge 
fields, while h couples like a SM Higgs. 

If S interacts exclusively through its couplings to H, then decays only through its h 
component. In this case the total width of is sensitive to the value of 9, but 0's branching 
ratios are not. They are identical to the branching ratios of a SM Higgs of the same mass. 
In particular, decays like a SM Higgs even if 9 is very small, despite the fact that in this 
case has very little to do with electroweak symmetry breaking. Of course, if S interacts 
only with H, is also only produced through its h component, so that its production cross 
section at colliders is suppressed by a factor of sin 2 9 relative to that of a SM Higgs of the 
same mass. 

In this paper we consider the possibility that S couples not just to H, but also to ad- 
ditional colored fields $ not contained in the SM. The production cross section can then 
be large even for small 9, due to the contribution to gluon fusion from \1/ loops. We take \I/ 
to be charged only under color in this section, and consider the case where the \I/ fields are 



also charged under the electroweak gauge group in section III 

The main results of this section do not depend on the detailed properties of but below 
we consider benchmark scenarios in which \I/ is a color-octet Majorana fermion. We adopt 
mq, = 350 GeV and = 500 GeV as our benchmarks, and discuss the existing bounds on 
these scenarios in Section IVl 

How does the coupling to extra colored states affect the decays of 0? The partial width 
of into gluons can change dramatically because the — )■ gg amplitude gains a new con- 
tribution from the diagram with \1/ in the loop, which competes with the contribution with 
the top quark in the loop. Provided that \I/ is charged only under color, however, the partial 
widths of into all other final states of interest are unaffected by the coupling to at 
leading order. For any final state X besides gg, we therefore have 

T (P (X)=sm 2 9T h (X), (3) 

just as we'd have in the absence of \l/ [8] . Here and throughout, a subscript indicates 
that the quantity refers to the production or decay of a particle of mass m^, as calculated 



in the theory with S and while an h subscript indicates that the quantity refers to the 
production or decay of a Higgs boson of the same mass m^, as calculated within the SM. 

Eqn. ([3]) tells us that the ratios of branching ratios for decays will be the same as for 
a SM Higgs of the same mass. The only exception to this is the gg final state, which is not 
likely to be accessible at hadron colliders. If the production cross section is comparable 
to that of an ordinary Higgs, a possibility even for very small mixing once \l/ particles are 
included, the particle could be confused with a Higgs. In fact, depending on the masses 
of and h, it is possible that a dominantly sterile would be detected before h, the mass 
eigenstate more closely connected to electroweak symmetry breaking. We call a dominantly 
sterile scalar with a sizable gluon-fusion production cross section and partial widths that 
obey eqn. ^ a Higgs counterfeit. 

To explore the properties of Higgs counterfeits in quantitative detail, it is useful to com- 
pare the rate for producing a particular final state X ^ gg through production and decay, 
with the rate for producing the same final state through production and decay of a SM Higgs 
of the same mass. The relevant ratio is 

o> x B^{X) 

R * " a h xB h {XY (4) 

where a^ is the production cross section and B${X) is the branching ratio for — >■ X, and 
ah and B h (X) are the analogous quantities for a SM Higgs of the same mass. The value of 
Rj, depends on 9, m^, and the properties of the colored \& particles, but it is the same for 
all final states X excluding gg. 

Given that gluon fusion is the dominant production mechanism for both and a SM 
Higgs, we have 

<*h ?h(gg)' 

Furthermore, the total width of can be written as 

T^total) = T^gg) + sin 2 9 [T h (total) - V h {gg)\ , (6) 



which simply expresses the fact that the partial widths of a Higgs counterfeit into any 
channel except gg is given by eqn. @. Using eqns. (§§[§, eqn. Q can be recast as 



Unless is lighter than a few GeV, the factor (1 — Bh(gg)) in the denominator is roughly 
unity. This expression for makes it clear that to have a signal comparable to or larger 
than would be expected for a SM Higgs of the same mass, two conditions must be met: sin 2 9 
must not be much smaller than Bh{gg), and T<j,(gg) must not be much smaller than Th(gg). 
It is also evident from this formula that increasing the production cross section with 
larger \l/-loop contributions can only go so far in increasing the signal. As the production 
cross section increases so does T^gg), which eventually drives down branching ratios into 
interesting channels. This is why saturates at sin 2 6 / B h (gg) for large Y^gg). 

For example, for ~ 120 GeV we have Bh(gg) ~ 0.1, so that a relatively large mixing 
sin 2 9 > 0.1 is required to have a 77 signal from production and decay comparable to what 
a 120 GeV Higgs would give in the SM. On the other hand, for m$ ~ 200 GeV we have 
Bh{gg) ~ 10~ 3 , and large ZZ and WW rates are possible for much smaller mixing. 

We can do for h just what we did for in obtaining Eqn. [7} That is, we can calculate 
Rh, the rate for producing a particular final state X ^ gg through h production and decay, 
divided by the rate for producing the same final state through production and decay of a 
SM Higgs of the same mass. We have 

cos 2 9 

R ~ H = B h (gg) + cos* e^(l-B h (gg)y ^ 

which approaches unity as 9 goes to zero given that T^gg) approaches T h (gg) in the same 
limit. If h is the mostly active state (cos 2 9 > 1/2), then we have R^ f» Tj l (gg)/Tf l (gg). Here 
we are making the mild assumption that B h (gg) <C Y h (gg) /Y^(gg) is satisfied, as will be the 
case for the benchmark scenarios we consider below. 

We plot contours of R^ and R^ for various and h masses in figures [I] and [ij Because 
they are plotted in the T ( j ) (gg)/Th(gg) — sin 2 9 and Tj i (gg)/Th(gg) — sin 2 9 planes, these 
contours are independent of the detailed properties of the extra colored states. To evaluate 
Eqns. ([7]) and ^ we use HDECAY [9] to calculate Bh(gg) as a function of the scalar mass. 
In the same plots we also show T < j > (gg)/Th{gg) and Tf l (gg)/Th{gg) for benchmark scenarios 
where $ is a color-adjoint Majorana fermion whose coupling to s is equal to one [10J, for 
mq, = 350 GeV and mq, = 500 GeV. We calculate these width ratios at leading order, 
including the top-loop and \l/-loop contributions to the — >• gg and h — >■ gg amplitudes. For 
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FIG. 1. Contours of (solid lines) for various <f> masses. Also shown is the region excluded by 
the Tevatron at 95% CL (shaded), assuming production only through gluon fusion, the projected 
95% CL LHC sensitivity for 2 ib" 1 at 7 TeV (thick, solid line), and T <j> (gg)/T h (gg) as a function of 
sin 2 9 for the benchmark case where ^ is a color-octet Majorana fermion with y = 1, for mm = 350 
GeV (darker) and mm = 500 GeV (lighter). The benchmark contours have two branches: sin# < 
(longer dashed) and sin# > (shorter dashed). As sin 2 9 approaches 1, <j> becomes very similar to 
a SM Higgs. 
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FIG. 2. Contours of (solid lines) for various h masses. The region excluded by the Tevatron at 
95% CL, using all production channels, is shaded. Note that, for large sin 2 6 associated production 
turns off, but this correction is only an issue for = 120 GeV. Also shown is the projected 95% 
CL LHC sensitivity for 2 fb _1 at 7 TeV (thick, solid line), and Fj i (gg)/Ti l (gg) as a function of 
sin 2 9 for the benchmark case where ^ is a color-octet Majorana fermion with y = 1, for mq, = 350 
GeV (darker) and = 500 GeV (lighter). The benchmark contours have two branches: sin 9 < 
(longer dashed) and sin# > (shorter dashed). As sin 2 9 approaches 1, h becomes very similar to 
a SM singlet. 8 



a fermionic \I/ particle in color representation r we have [TH - TH] 



a 2 

T * M = 256^ 
T ' hi99) = 2^ m ~ h 



- sin 9 ( ^) A 1/2 M + 2V2 y n* C{r) cos 9 (^] A 
cos (^) ^1/2 (r^) +2V2?/n* C(r) sin f^j A 



1/2 (7*0 J 
2 

1/2 7*/^ 



2 



(9) 
.(10) 



Here v 2 = G F 1 /( 2 v / 2) - (174 GeV) 2 , r t4> = ml /(Am 2 ), = m|/(4m|), and similarly for 
and r^, y is the coupling of s to = 1 (1/2) when \l/ is Dirac (Majorana), and C(r) 

is defined by tr(t^) = C{r)5 ab for color generators e.g. (7(8) = 3 for a color adjoint 
and C(3) = 1/2 for a color triplet. The function Ax/2, defined in Ref. [T5], approaches 4/3 
in the heavy-loop-particle limit (r — > 0). When \1/ is a spin- zero particle we should take 
n$ = 1 (1/2) for a complex (real) scalar, and in the second terms on the right- hand- side 
of both equtions Ai/ 2 needs to be replaced by the function A , which is defined in Ref. [16] 
and approaches 1/3 in the heavy- ^ limit. The generalization of Eqns. ^ and (10) to the 



case where \I/ consists of multiple particles with various masses, spins, couplings, and color 
representations is straightforward. 

For sin# < the top and ^ contributions interfere constructively for T^(gg) and destruc- 
tively for Y~ h (gg), and the opposite is true for sin 9 > 0. This is why the benchmark contours 
in Figs. [l]and[2]have two possible values of T ( p(gg)/Th(gg) or Tj l (gg)/Th{gg) at each value of 
sin 2 9. Without changing the masses m^ and m~ h , the sign of sin 9 can be flipped by reversing 
the sign of the sh mass term in the Lagrangian (or equivalently, by leaving that term alone 
and reversing the sign of y). For small values of sin 2 9 the top-loop contribution to (f> — > gg 
and the \l/-loop contribution to h — > gg are suppressed, and the two values of Y^(gg) /T h (gg) 
and Y- h (gg)/Y h (gg) converge. 

In Figs. [T] and [2], we also show the parameter regions ruled out at 95% CL by the combined 
Tevatron Higgs searches [T7j, along with contours projecting the 95% CL sensitivity at the 
LHC after 2 fb _1 at 7 TeV, taken from Ref. |18| . We do not take into account the possibility 
that cf) and h might give overlapping signals. For example, if and m~ h both happened 
to be between ~ 140 and 180 GeV, their combined WW — > 2l2u signal would be more 
significant than for either particle alone. 

The plots in Fig. [I] show that a 120 GeV Higgs counterfeit could be detected in a Higgs 
search in the 77 channel, for moderate mixing, while heavier counterfeits could give Higgs- 
like ZZ or WW signals even for sin 2 ^ as small as ~ 10 -3 . A dominantly sterile counterfeit 



might be discovered before the particle that approximately functions as the "real" Higgs. To 
see this, consider the case where the counterfeit is heavy enough to have a large branching 
ratio into ZZ^*\ while the dominantly active scalar is light, m~ h ~ 120 GeV. Recent ATLAS 
[18] and CMS [19] studies estimate that after 2 fb _1 at = 7 TeV, the median sensitivity 
for observing a 120 GeV SM Higgs will be ~ 1.6 — 2 a. The projected sensitivity for heavier 
Higgs bosons is larger, e.g.~ 2.8 a — 3.8 a for a 200 GeV SM Higgs. Because the sensitivity 
at these higher masses is dominantly from gluon fusion followed by h — > WW, ZZ, the 
sensitivity for a counterfeit would roughly be times that for a SM Higgs. For = 200 
GeV, our benchmark contours show that <fi can give SM-like rates, and thus ~ 3 — 4 a 
significance after 2 fb _1 , for mixing angles as low as sin 2 6 ~ 10~ 3 . Taking sin 2 6 = 10~ 2 , 
for instance, R^ falls in the range ~ 1.5 — 3 for our benchmarks, opening up the possibility 
of signals in excess of 5a after 2 fb _1 . For larger masses, e.g. = 300 or 500 GeV, the 
projected LHC sensitivity for observing a SM Higgs is still ~ 2.5 — 3a. Our plots show that 
for these masses as well, even relatively small mixing can yield highly significant signals after 
2 fb" 1 . 

In another interesting scenario could be mixture of a singlet and a very heavy Higgs. The 
Higgs sector might even be strongly interacting, with s coupling weakly to that sector to give 
a dominantly sterile, much lighter particle. These possibilities are disfavored by precision 
electroweak measurements, but it is conceivable that extra states, perhaps including colored 
states, cancel off the oblique corrections from the Higgs sector. Even if the width of the 
"real" Higgs is so large that the Higgs becomes unrecognizable as a particle, <fi could still 
be a narrow resonance. Mistaking <fi for a light elementary Higgs boson would in this case 
mean coming to a qualitatively incorrect understanding of electroweak symmetry breaking. 

Fig. [2] shows that the mixing can suppress the observability of h. For example, with 
m~ h = 120 GeV and sin# = —0.1, our = 350 GeV and = 500 GeV benchmarks 
give 36% and 26% reductions in the 77 signal relative to an SM Higgs, respectively. Much 
more dramatic suppressions are possible for larger mixing. This effect makes it even more 
plausible that the dominantly sterile state might be seen first. Of course, it is also interesting 
that the mixing gives enhanced h signals if the interference is constructive. 

After discovery the counterfeit might be mistaken for an excitation of the field principally 
responsible for electroweak breaking. This would be a natural interpretation even if the rate 
were somewhat larger than that expected in the SM. The discrepancy might be attributed, 
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for example, to extra quarks in the gluon-fusion loop, although in that case the 77 rate would 
not receive the same enhancement as for other final states. If the extra quarks had both 
vector-like masses and Yukawa couplings to the Higgs, there would be sufficient freedom to 
account for the excess. 

These examples highlight the importance of vector boson fusion (VBF) and associated 
production in establishing that a particle that decays like a Higgs boson really is a Higgs 
boson. In the SM the hWW and hZZ couplings lead to associated production of Higgs 
with gauge bosons and VBF signatures involving forward jets. For a Higgs counterfeit, the 
(fiWW and (f>ZZ couplings are suppressed by a factor of sin#, and these signals are likely to 
be strongly suppressed. 

For example, if a 120 GeV 77 resonance were discovered, then for a SM Higgs one would 
also expect signals in rr plus forward jets from VBF and bb with leptons and/or missing 
energy from associated production. For Higgs counterfeits, VBF and associated production 
signals such as these are suppressed by a factor 

*eH (ii) 

leading to much smaller and possibly unobservable signals. So, detection of the rr and 
bb signals with full strength would confirm the discovery of a Higgs as opposed to a Higgs 
counterfeit. For ~ 2 fb _1 at \fs = 7 TeV center-of-mass energy, the sensitivities projected 
for rr and bb in refs. [T8~| IT9] are well below that projected for 77 and WW*. So, if a 
77 signal consistent with a light Higgs is observed in the coming year, we may have to 
wait until the LHC energy upgrade to rule out the Higgs counterfeit possibility. At 14 TeV 
center-of-mass energy and higher luminosity, ATLAS analyses suggest that the rr [20J and 
bb [21] signals may eventually have comparable significance to that from 77. 

Depending on the mass, if a signal consistent with a heavier Higgs decaying through ZZ^ 
were seen, an observable signal might be expected in the SM, and vice versa. A Higgs 

counterfeit would in fact give the same ratio of and ZZ^ rates. However, for a SM 

Higgs these signals would be accompanied by H/H /( -*' ) and ZZ^plus forward jets whereas for 



a Higgs counterfeit the same factor from eqn. (11 ) suppresses the VBF signal. The projected 



significance after 5 ftr 1 at y/s = 8 TeV in the VBF H — >■ WWW — > 2l2v channel, is smaller 
than the combined significance from other channels by about a factor of three or more over 
the entire mass range [19]. It is possible that including H — > WW^ — > lujj would lead to 
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a more competitive VBF signal. It is also possible that VBF analyses are presently not the 
top priority for the experimental collaborations, and that the sensitivity will improve once 
these analyses are given more attention. In any case, as for a 77 resonance, it will probably 
not be immediately clear after discovery whether a true Higgs or only a Higgs counterfeit 
has been found. 

Studies at 14 TeV and higher luminosity have found that VBF signals can potentially be 
as significant as those from gluon fusion. In a CMS analysis based on 30 fb _1 , VBF with 
WW — > Ivjj was found to be competitive with ZZ above 300 GeV [22] and competitive 
with inclusive H^W-*- 1 for lower masses up until where ZZ takes over at ~ 190 GeV [23]. In 
an ATLAS study, VBF H — > WW^ — > 2l2u was also found to be competitive with inclusive 
up to ~ 190 GeV J2D]. It would be very interesting to know what combined sensitivity 
can be achieved using all VBF processes, over the entire mass range including ~ 200 — 300 
GeV. We stress that signals with forward jets will be indispensable for establishing that the 
particle discovered does in fact play a central role in electroweak symmetry breaking. 

For counterfeits heavy enough to decay to on-shell Z bosons, LHC measurements of the 
total width of <fi could eventually be used to discriminate against a SM Higgs. After 300 
fb _1 integrated luminosity, the resolution of the width would be better than 10% for a SM 
Higgs with a mass greater than 250 GeV [24]. So, it would ultimately be apparent in the 
counterfeit case that the resonance was much narrower than a SM Higgs. The ratio of the 
total width of to the total width of a SM Higgs is 

^ = B h {gg) T /f°\ + sin 2 9(1 - B h {gg)). (12) 

Given that Bh(gg) is less than 10~ 3 for masses above 200 GeV, this means that the width 
will be much smaller than in the SM for small mixing, and quite likely smaller than the 
experimental resolution. Of course, at such a large integrated luminosity we expect that it 
will already be clear from the suppression of signals with forward jets that the resonance is 
not a SM Higgs. 

We conclude this section with a discussion of how the benchmark contours of Fig. [T] 
depend on the properties of Matters are complicated by the interference between the 
top- and \l/-loop contributions to — > gg, but in the limit of small sin 2 9 the top-loop 
contribution becomes negligible and the various scalings are easier to summarize. 

In the small sin 2 9 limit, Y^(gg)/Y h (gg) is proportional to the square of the Yukawa 
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coupling y of s to For a 200 GeV 0, lowering y from 1 to 1/2 (while keeping other 
parameters fixed) thus shifts the intersection of the 350 GeV benchmark contours with the 
horizontal axis from T ( j > (gg)/Th{gg) — 4 to T^(gg)/Tf l (gg) ~ 1. Taking the mixing to be 
sin 2 = 10~ 2 , falls from ~ 3 to ~ 1. 

For 3> T^gg) /T h (gg) is approximately proportional to l/m\. So, for the 

range of masses chosen for figure [TJ doubling the mass of the color adjoint from = 350 
GeV to mm = 700 GeV has about the same effect as reducing the Yukawa coupling by half. 

Finally, Eqn. ^ shows that for a \1/ particle in color representation r, T^gg) /T^gg) is 
proportional to n% C{r) 2 . For example, we get about the the same value of T ( f ) (gg)/Th(gg) 
for a 350 GeV Majorana fermion color octet as for a 700 GeV Dirac octet with the same 
Yukawa coupling, or as for three 350 GeV Dirac-fermion quarks with the same Yukawas. 
However, if \l/ includes particles that are charged under the electroweak group, no longer 
decays as a Higgs counterfeit. We consider this charged- \l/ scenario next. 



III. THE BENEFITS OF A HIGGS FRIEND 

In addition to coloured states running in the loop the \1/ fields may also carry electroweak 
quantum numbers, or there may be additional states that couple to which are only elec- 
troweakly charged. As in the previous section will be produced through gluon fusion with 
the coloured states in \1/ running in the loop, but whereas before the only way to make 
visible was to mix with the SM Higgs and acquire its decays, in this case there is the 
additional possibility that may now decay into SM gauge bosons through loops involving 
the electroweakly charged components of The branching ratios of these decays modes 
are not related to those of the SM Higgs, and this case we say that is a "Higgs friend." It 
is possible that has virtually no mixing with the Higgs, or it could be that both mixes 
with h and couples to new states which carry electroweak charge. 

For a given decay channel, the difference between the counterfeit and friend cases 
depends on the relative sizes of the mixing-induced and loop-induced decay amplitudes. In 
particular, the \l/-loop contribution to — > 77 can compete with the contribution from s — h 
mixing, since in the SM this decay is also loop induced. On the other hand, for all but 
extremely small mixing the decays of — > ZZ/WW will not be substantially altered, by 
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loop contributions, from what is expected from mixing alone. Similarly the decays to SM 
fermions will be identical to the counterfeit case unless there is an abundance of electroweak 
charged states in 

A Higgs friend heavy enough to decay to WW or ZZ is unlikely to be confused with the 
SM Higgs of similar mass since the Higgs decay is tree level not loop. However, both 77 
and 7Z final states are loop generated in the SM so a light Higgs friend (with or without 
mixing) has the potential to be confused with the SM Higgs. For instance, for a light scalar 
m<£ < 120 GeV the visible decay would be to 77 and the cross section times branching ratio 
can easily be larger than that for the SM Higgs, leading again to the possible discovery of 
(f) before the SM Higgs. Or, more confusingly, <ft may be discovered in 77 around the same 
time different mass Higgs is found in tt. 

As a example of the Higgs friend scenario, we consider a benchmark of a pair of fermions 
transforming as a 10 — 10 of SU(5) and coupling to <fi with y — 1. For simplicity, and in order 
to be conservative about the photon branching ratio, we consider all colored components of 
the 10 — 10 to be degenerate in mass and the color-singlet to be decoupled, either by having a 
large mass or no coupling to 0. Since the 10 contains (qL, u c R , e c R ) of the SM, the production 
cross section of <fi through gluon fusion will be as in the previous section. However, unlike 
the Higgs counterfeit case the ratios of partial widths in visible channels will be altered from 
those of the SM Higgs. 

We consider first a light friend, ~ 120 GeV. One of the important discovery channels 
for a SM Higgs of the same mass is 77, and to see how the the 77 rate from production 
and decay of a Higgs friend compares with that due to a SM Higgs, we introduce a ratio 
analogous to introduced earlier. Here we make the simplifying assumption that the total 
width of (f) is still well-approximated by Equation (|6]). This assumption is valid provided 
that Y^itotal) is either dominated by tree- level amplitudes induced by mixing, or by decays 
into gluons. If a sufficient number of new color-neutral states with electroweak charge are 
added, it is possible for the total width to instead be dominated by loop-induced decays into 
electroweak gauge bosons, for small enough mixing. Assuming that this is not the case, we 
can use Equation ^ to find 

o T t (X)/T h (X) 

with X = 77 given that we are interested in the diphoton final state. We see that when our 
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approximation for T^total) is valid, R friend is identical to R$ but with sin 2 6 replaced by a 
ratio of widths. Because (ft — > 77 is affected by the particles in the loop, and not just by the 
mixing, the numerator in R friend is not bounded by 1 as it was is R^. 

For our benchmark case of a 10 — 10 of mass mio we show the behaviour of Rfriend in 
Figure [3j As before we have used HDECAY to calculate the higher order corrections to 
the SM Higgs branching ratios, but use leading-order expression to calculate r 0(77) /T ^(77) 
and T ( p(gg)/T h (gg). Our expressions for T^gg) and r^(77) appear in Equation ^ and in 



the Appendix, respectively As can be seen from ( 13 ) and Figure |3j even in the limit of no 
mixing <fi has a potentially visible channel, <fi — > 77, whereas the // final state becomes too 
small for | sin#| < 0.1. Due to interference between SM and NP physics states running in 
the loop the behaviour depends on the sign of sin#. 

For a light SM Higgs the 77 channel has a branching ratio of ~ 10~ 3 , which is comparable 
to the branching ratio to photons in our benchmark scenario, if the Higgs friend does not mix, 
even for large m^. So it is possible that the Higgs friend may be found in the diphoton channel 
even at large masses. To illustrate this point we show in Figure [4] the signal significance 
for a Higgs friend produced through gluon fusion and decaying in the 77 channel, for our 
benchmark ^ of a 10 — 10. We relate the significance for a Higgs friend of mass to a 
(light) SM Higgs of mass rrih through, 



/ s . i ,Kx^) m0 a back (m h )AE(m h ) 

sig^m^) = sig h (m h )- — — — J — — , 14 

{o h x B h ) mh y cr 6acfc (m 9i )A J E(m (/) ) 

where AE is the width of the diphoton peak, which we assume is proportional to the 
square root of the mass, and aback is the cross section for background processes. Using 
a x 5(77) oc B(gg)B( r y r y)T(tot), we can rewrite the ratio of signal cross sections as 

(o- x (a h x B h ) m<t> T 4> (gg)B 4 



(15) 



(a h x B h ) mh (a h x B h ) mh T h (gg)B h 

where all branching ratios are for the 77 final state. The first term in ( 15 ) is entirely a SM 
quantity and is calculated at NLO [15J for s 1 / 2 = 14TeV. The expected significance, after 10 
fb _1 of 14 TeV data at ATLAS, of a light SM Higgs in the 77 channel is above 2 for the whole 
mass range in which this channel is usually considered, 110 GeV < rrih < 140 GeV [20]. We 
consider only the irreducible background of 77 + X. This was calculated at NNLL [25] for 
di-photon invariant masses up to 250 GeV. Their result is well fit by a quadratic in log-log 
space which allows us to extrapolate up to higher invariant masses. In Figure [4] we show 
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FIG. 3. The ratio Rf r i en d f° r a 10 — 10 of mass mio (as discussed in the text, here we assume that 
only the colored components of the 10 — 10 pair couple to the friend). The upper plots are for 
decays into 77 and the lower plots for //, in both cases the left-hand plots are for sin# < and 
the right-hand plots are for sin# > 0. 

the significance for a Higgs friend with and without mixing after 10 fb _1 of 14 TeV data at 
ATLAS. 

From Figure [3] we see that that one can achieve R friend ~ 5 for our benchmark scenario, 
with mio ~ 350 GeV and y — 1, and a natural question is then how large can be achieved 
more generally? Note that we have assumed the e# in the 10 is decoupled from the <fi. 
Including the can enhance Rfriend further, for example if the has a Yukawa coupling 
to equal to 1 and a mass of 100 GeV, then we find Rf r i en d can be as large as 15, and is 
equal to ~ 13 even in the absence of mixing. 



We would also like to estimate the possible signals for other representations. Taking (13) 
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FIG. 4. The significance in <f> -)• 77 after 10 ftr 1 at ATLAS, for y/s = 14 TeV. Top plot: Higgs 
friend with no mixing. Lower plot LH (RH): with mixing and miQ = 350 GeV for negative (positive) 
mixing angle (as discussed in the text, here we assume that only the colored components of the 
10 — 10 pair couple to the friend). 



in the sm 2 6 — > limit (i.e., a pure friend), we have 



R frip 



(16) 



Thus, we can compare the relative signals of different representations just by looking at 
-^0(77) (recall that the gluon width cancels in the production and branching ratios). For a 
d c , the signal would be a whopping 81 times smaller than a comparably massed benchmark 
case. Completing it as a 5 (with the addition of an L) produces a signal roughly 5 times 
smaller, as does a u c (which is part of the 10), requiring much smaller masses to get a 
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FIG. 5. (a) Cross section times branching ratio for pp <f> — > ZZ at the LHC with yfs = 14 
TeV, taking = 200 GeV and mio = 350 GeV. The horizontal dotted line shows the result for a 
200-GeV SM Higgs, and the dashed line gives the result when the electroweak charges of the loop 
particles are turned off. (b) Cross section times branching ratio for various final states. 



comparable signal for the same coupling. Of course, larger couplings would increase the 
signal. 

Returning to the benchmark scenario with only the heavy quarks coupling to 0, from 
Figure [1] it is clear that at small mixing, or masses below the ZZ/WW threshold, there is 
potential for an early discovery in this channel. For the no-mixing case can be discovered 
after 10 fb^ 1 for m w < 350 GeV for all < 500 GeV. This independence of is because 
both the background and signal cross sections are falling as is increased and the branching 
ratio is remaining relatively constant. This is to be contrasted with the mixing case where 
the existence of tree-level decays into massive vector bosons can compete with the loop 
induced decays, if |sin#| > 0.01, lowering the significance in this channel. Although 77 
may no longer be the discovery channel it is still an interesting channel to look in since 
measurement of -8(77) will distinguish the friends case from the counterfeit case. 

Just as having charged matter in the loop also allows <ft to decay into 77 even in the 
absence of mixing, it also allows decays into jZ, ZZ and WW in that limit. In Figure |5^i 
we see that the rate for pp — > <f> — > ZZ with our benchmark matter content in the loop and 
a 200 GeV is essentially the same as if the matter were colored but not charged, unless 
the mixing is small. As mentioned earlier, this is because the the decay through mixing is 
tree-level and tends to dominate. The rate asymptotes to a non-zero value as the mixing is 
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turned off, but for the parameters we have chosen, at least, it is well below the rate for a 
SM Higgs of the same mass. Sticking with the same matter content in the loop, in Figure 
[5)b we show o x Br for 77, 7Z, ZZ and WW at the LHC with y/s = U TeV. 



IV. HIGGS COUNTERFEITS, HIGGS FRIENDS AND EFFECTIVE Z'S 

What are the ingredients for either a friend or counterfeit scenario? They are quite 
simple: a new scalar, some heavy colored matter and some heavy charged matter. These are 
precisely the ingredients already present in the recently considered "effective Z'" scenario 
[26] . Here, rather than having SM fields charged directly under a Z' , the couplings arise 
from an effective operator 

(M- 2 ))q a ,q J S*D»S D ^{M' 2 ))^ S* Z'^S . (17) 

Such an operator can easily arise after integrating out heavy quarks (or leptons) charged 
under SM ® Gz>, where Gz 1 is the (potentially non-Abelian group) under which the Z' is 
the gauge field. 

Taking a limiting case of a single flavor of heavy quarks, we have, as in 



£ D -fiQQ c - ySqQ c + h.c. (18) 
The mixing arises when S breaks the U(l), S = (S) + s/y/2, giving mass eigenstates 

Q = cos 9Q + sin 9q q = — sin 9Q + cos 9q, (19) 

where 

sinfl= (20) 
\l^ 2 + V 2 (Sf 

determines the mixing angle. 

If s is produced through gluon-gluon fusion, we are immediately confronted by how it 
will decay. If m s < 2Mz>, decays into Z' will be kinematically inaccessible, and if m s < Mz> 
decays to SM particles through the Z' will be four-body, and thus highly suppressed. If s 
is lighter than the heavy quarks we are integrating out, the decay into SM states will be 
Yukawa suppressed, with a qqs coupling equal to [26] 

*»M? ' < 21 > 
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where m q is the mass of the light quark and g e ff is the effective coupling of the Z' to matter. 
Note that the presence of this coupling depends on the heavy quarks being integrated out, 
so it may or may not be there for all quarks. A Higgs counterfeit can be realized by the 
inclusion of a | iS' | 2 1 J^T | 2 term, which will mix s and h. If such a term is not present, the 
branching ratios into SM fermions can be quite small. In fact, if m s < 2m top , it is possible 
to boost the diboson decays in the presence of vectorlike heavy leptons, yielding a natural 
realization of a Higgs friend. For this to work we need m s ^zMz>, to suppress Z' decay 
modes. 

Let us estimate the size of the 77 signal in the absence of s — h mixing. The Yukawa 
coupling of s to the heavy quarks can be worked out to be 

M Q /on ^ 
V = MJ±, (22) 

where Mq is the heavy quark mass. The loop-induced s — > 77 signal is proportional to 
(i//Mq) 2 = (g e ff/Mz') 2 for Mq 3> m s /2, which means that if all of the heavy particles are 
degenerate we can take 

R friend = Rbenchmark X K X (g eff X 350 GeV/M Z i) 2 , (23) 

where Rbenchmark — 2.5 is the value of R friend in the absence of mixing for our benchmark 
point (with s coupling to quarks only), and K depends on charges and color factors. 

Taking g e ff ~ 0.24 and Mz> ~ 150 GeV to explain the Wjj excess [26], and setting 
K = (5/3) 2 because this model requires three copies because of Q to complete it, we find 
Rfriend ~ 2. This will not be significantly suppressed by decays into bb, because decays into 
gluons are dominant for this parameter point. Taking g e ff ~ 2 as needed to produce the top 
A FB excess, the same M z >, and K = (4/9) 2 , the appropriate value given that this scenario 
requires a single Dirac u c , we get Rfriend ~ 10. Thus, for Z's relevant for either the Wjj 
excess or the top Afb excess, a Higgs friend would be a natural accompanying signal, with 
an appreciable size. 

V. SEARCHES FOR NEW COLORED STATES 

Discovery of a Higgs counterfeit or friend may be preceded by discovery of the colored 
states that allow the production of the new resonance. While a thorough examination of the 
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decay modes is beyond our scope, we present a summary of the existing limits and future 
strategies here. 

Consider first the case in which \1/ is a color-octet Majorana fermion. The experimental 
lower bound on the mass of this "gluino" depends on how it decays. If \I/ is long lived 
([is — 1000s) ATLAS has a constraint of ~ 560 GeV [27]. Longer-lived octets run into 
cosmological constraints [28], from BBN |29j . the diffuse gamma ray background |30j, the 
CMB [HUES], an d searches for anomalously heavy isotopes [33, 34J. 

A possible final state for a promptly decaying \1/ is qqx-, where x is a SM-singlet fermion. If 
the SM neutrinos are of Dirac type x could be an effectively massless right-handed neutrino. 
In this case Tevatron searches constrain the mass of \l/ to be greater than ~ 460 GeV [35J. 
Or, the x particle might instead be a massive fermion from the same hidden sector as 0, in 
which case this constraint is weakened. Earlier studies found that if the mass of % i s 200 
GeV, for instance, all \l/ masses above 205 GeV are consistent with Tevatron and early LHC 
results [351 EE], however, more recent LHC [37J [38] results probably require larger masses. 
In [37] it is found that if % particle is massless, \l/ must be heavier than 500 GeV. 

Another possibility is that the octet decay is ^ — > qql, which might be induced by the 
higher-dimension operator ^DUE. Leptoquark searches such as [39] could be sensitive to 
this decay, but it is not obvious how published limits would be affected by the energy of ^ 
being shared among three particles rather than two, and by \l/ being an octet fermion as 
opposed to a color-triplet scalar or vector. Bounds on leptoquarks moreover depend on the 
produced quark and lepton flavors. 

In the case that the new matter can have renormalizable couplings such as tyu c H with 
SM matter (as is naturally the case in the friends scenario) and can decay promptly, the 
dominant constraints come from searches for fourth generations, putting a lower bound of 
M^p > 350 GeV [4*0Tl4^] . We shouldn't expect vector-quark constraints to be identical to those 
for a fourth-generation, and they will in any case be parameter dependent. Furthermore, in 
the effective Z' scenario, the heavy quarks can decay via off- or on-shell Z's into three jet 
final states (or rather, a six-jet final state as they will be pair-produced). Absent model- 
dependent flavor tags, the limits on such scenarios are weak and we refer the reader to [26] 
for further discussion. 
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VI. DISCUSSION 



The discovery of the Higgs will be an important step towards whatever is next. In concert 
with the discovery of new states at the LHC or Tevatron, the mysteries of the weak scale 
will be slowly unveiled. But if we discover a Higgs, we must be certain that it is a Higgs. 
We have shown two different examples of scenarios where a "Higgs" could be discovered, 
either as a Higgs counterfeit or a Higgs friend. While in the latter case, a study of relative 
branching ratios might indicate that it is something quite different from a Higgs, in the 
former case, with the inaccessibility of the H — > jj final state, even the branching ratios will 
naturally mimic those of the Higgs. 

Such scenarios are simple, and easily realizable in physics beyond the SM. Requiring the 
addition of only new colored matter, and a new scalar. While a fundamental scalar invites 
the same radiative stability questions as the Higgs itself, we imagine that those are naturally 
solved by the same mechanism. Intriguingly, these scenarios arise naturally in the context 
of effective Z' models, which necessitate new, vector-like matter, charged under the SM and 
some new group. The indications of new forces at the Tevatron, if confirmed, could well 
be accompanied by a Higgs counterfeit or Higgs friend at a comparable mass scale. With 
integrated luminosity increasing rapidly at the LHC, a discovery of any resonance would be a 
watershed moment, but we must remember that only with a study of associated production 
modes, where the Higgs- Z or Higgs-IU coupling is tested, will we truly know that we have 
found a Higgs. 
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Appendix A: Appendix 



In this appendix we calculate the partial widths of and h into 77, jZ, ZZ, and WW. 
We assume that s = cos 9(f) — sm9h has Yukawa couplings jji to Dirac fermions with 
electric charges Qi, isospins Tf , color multiplicities N?, and masses m». For — > 77 we have 



G F a 2 3 



128^^ 



-m" 



V2 



Tflj 



sin0 iY?Q^ 1/2 (r t )+Ai(7^) 



(Al) 



where we take v 2 = G F 1 /(2y/2) ~ (174 GeV) 2 and define n = m 2 /(4m 2 ), r t = m 2 /(4m 2 ), 
and r^y = m^/(4m^). The Ai/ 2 and A\ functions defined in 



A 1/2 (r) = 2[r + (r-l)/(r)]r 
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Ai(r) = -[2r 2 + 3r + 3(2r - l)/(r)]r" 



/(r) 



arcsm 



27T 



r < 1 



r > 1 



The partial width for <fi — > 7Z is [46], H7] 
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where we define A, = m|/(4m 2 ), X t = m| / '(4m 2 ) , Ajy = m|/(4m 2 v ), and 
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The function /(r) is denned as above, and g(r) is given as 
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The partial width for — > ZZ can be expressed as 
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where the tree-level amplitudes are 
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and the contributions due to ^ loops are 
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(A13) 

(A14) 
(A15) 



M LL = cos 9- 

We neglect the contributions from top and W loops, which are tiny compared to the tree-level 
contributions and also proportional to sin#. The integrals appearing in the contributions 
are 
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1 - Ax(l - x)\ - Ay(l - y)\ - Axy(r - 2A) - ie 
If any of the Tj are greater than one, and A^^ L acquire imaginary parts. 

The partial width for — > W + W~ can be obtained from that for — > ZZ straightfor- 
wardly. Neglecting mass splittings within SU(2) multiplets in the the amplitude contri- 



butions from a Dirac fermion in a given SU(2) representation r is given by Equations (A14) 
and (A15) with the replacement m z — > m w and a{Tf — QiS^) 2 /(s^c^ ) — > C^a;/^ 2 ), with 
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C{r) = 1/2 for doublets. Elsewhere one needs to multiply the partial width by an overall 
factor of 2 and replace rriz — > mw wherever it appears. 

The formulae for the partial widths of h into 77, jZ, ZZ and W + W~ are given by the 
(f) partial widths given above, with the replacements cos 8 — > sin 8, sin 8 — > —cos 8, and 
m~ h . 
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